In this talk, I discuss the present experimental and theoretical status of radiative K l3 decays, with particular emphasis on the possible determination of the structure dependent contributions.
Introduction
By radiative K l3 decays, we denote the following processes
where l stands for e or µ.
The amplitude of a radiative process involving charged hadrons can be divided into two parts, the inner bremsstrahlung (IB) and structure dependent (SD) amplitudes. The former accounts for photon emission from external charged particles and is completely determined by the corresponding non radiative transition matrix element, in our case the K → πlν [K l3 ] amplitude. The latter describes radiation from hadronic intermediate states and as such provides genuinely new information with respect to the non radiative process. As the consequence of photon gauge invariance, Low's theorem 1 provides a model independent recipe for evaluating the contributions of order q −1 and q 0 in the expansion of the amplitude around photon momentum q = 0, that are completely determined in terms of the K l3 form factors and their first order derivatives. Accordingly, the SD amplitude will contain terms of order q and higher. Therefore, the IB amplitude should dominate for low photon energy due to its characteristic q −1 behaviour, while SD effects are expected to become more significant in the upper range of the photon energy spectrum.
In the late sixties, a detailed calculation of K l3γ processes (1) and (2) was performed 2 , using Low's theorem prescriptions for the IB amplitudes (O(q −1 ) and O(q 0 ) terms), and vector-meson dominance for a qualitative, model dependent, assessment of the SD ones.
Later, K l3γ amplitudes were evaluated 3 at O(p 4 ) in Chiral Perturbation Theory ChPT. For the radiative decays of interest here, the amplitude at lowest order (p 2 ) is of the IB-type with constant K l3 form factors, and is completely independent of free parameters. The O(p 4 ) contribution, in addition to providing momentum transfer dependence of the K l3 form factors in the IB, unambiguously predicts the existence of a SD component (vector and axial vector). This SD amplitude is calculable in terms of loop diagrams, of renormalized low-energy constants of the L 4 meson-meson Lagrangian 4 already determined from other meson processes, and the chiral anomaly 5 which is theoretically known. Therefore, the experimental study of the SD amplitude now represents a really significant test of ChPT (and, ultimately, of QCD) whereas, originally 2 , K l3γ decays were just considered as tests of soft photon theorems, with the high precision allowed by the dominance of the IB contribution and the accuracy in principle reachable on the relevant, non radiative, K l3 processes.
Clearly, the SD turns out to give contributions at the percent level with respect to the IB one, via the SD-IB interference (the pure SD rate is completely negligible). Thus, high precision experimental measurements of K l3γ decays (both branching ratio and photon energy spectrum) are required. Also, precise data on K l3 are needed in order to accurately parameterize the IB and, in this way, to increase the sensitivity to manifestations of the SD-IB interference.
Experimental Status
From the experimental point of view, the branching ratio for the radiative process relative to the one for the non radiative mode is preferable to the absolute branching fraction. Indeed, this quantity is free from experimental uncertainties related to normalizations, calibrations and machine luminosity. Thus, experimental results refer to the relative branching ratio R defined as
Here, E γ and θ eγ are the photon energy and photon-lepton angle, respectively, in the Kaon rest frame. In practice, for this measurement, an inclusive K l3 sample of events is collected, all identified by one lepton and one pion of opposite electric charge emitted from a common vertex. This sample can contain, in addition, any numbers of photons. A radiative K l3γ subsample of events is selected, by requiring the presence of at least one hard photon. Notice that also this subsample may in principle contain additional photons. The ratio R is then determined by the ratio of the number of events in the K l3γ and K l3 samples, each divided by the respective experimental acceptances. As indicated in (3), for the identification of the candidate K l3γ events, kinematical cuts are applied to this subsample, in particular thresholds on the photon energy and on the angle between the photon and the lepton are imposed 6 . In Table 1 we report the most recent data for K 0 l3γ decays, taken from PDG 7 . For each experiment, the number of observed K l3γ events, determining the statistical uncertainty, is reported. TheK 0 and K 0 components of K 0 L give the same contribution to the rate and in fact the ratio R is provided by the sum of the two.
To have an idea of the absolute branching ratios, one may multiply the numbers in the table by the relevant K l3 widths reported in PDG.
As one can see from the table, a really high statistics measurement of branching ratio and photon spectrum exists only for the K 0 e3γ mode, which has recently been performed by the KTeV experiment 8 . The measured value for R is claimed by the authors to be significantly lower than all published theoretical predictions, and in particular it seems at variance with the prediction resulting from the ChPT framework at O(p 4 ) . The KTeV experiment is statistically significant in order to approach the O(%) accuracy level needed to search for the SD amplitude. We recall that the possibility of detecting the SD contribution in R is made quite difficult by the large dominance of the IB terms and that the SD radiation is expected to have more chances to manifest itself in the harder portion of the photon energy spectrum, through deviation from the pure IB behaviour. Using a simplified decomposition of the structure dependent amplitude for the analysis of the spectrum, it was shown 8 that the structure dependent terms indeed can be identified in this process with reasonable statistical evidence. For a detailed discussion of this point, we refer the interested reader to our forthcoming article 11 . Conversely, for all other radiative K l3 channels the statistics is really poor, as being bases on a couple of hundred events at most, and still quite far from the sensitivity needed to study the SD radiation effects. This is the case for both K µ3γ and for the charged Kaon channels. For the latter ones, the situation is qualitatively even worse, as depicted in Table 2 . In particular, no event has been observed yet in the K V.V. Barmin et al. 12 10 MeV θeγ ∈ (25 • , 53 • ) 82 (0.46 ± 0.08) · 10 −2 K ± e3γ V.V. Barmin et al. 12 10 MeV 10 • 82 (1.51 ± 0.25) · 10 −2 K ± e3γ V.N. Bolotov et al. 13 10 similar to KTeV. In the more remote future, with the construction of high intensity charged Kaon beams, high statistics studies of radiative K ± l3 decays will be possible, in particular of the electron modes, with accumulated samples of as many as 10 6 candidate events 16 .
Decay Amplitude
According to the previous section, experimental results with the desired accuracy are currently available (or are foreseen in the near future) only for K 0 L → π ∓ e ± lν. We therefore concentrate on this decay channel. In addition, for this process only one K l3 form factor is involved in the approximation of neglecting the electron mass, so that the theoretical description is substantially simplified.
The relevant transition is
e γ). The decay matrix element has the general form
The relevant diagrams are shown in Fig. 1 . The first term in Eq. (4), corresponding to diagram a), represents photon emission from hadronic states and includes, in particular, radiation off the charged pion. The second term describes the photon emission from the positron and is represented by diagram b). The hadronic tensors V µν , A µν are defined as
whereas F ν is the K 0 l3 matrix element,
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with t = (p − p ) 2 . The form factor f 2 is related to the usual set f + , f − through
The tensors V µν and A µν can be decomposed in terms of Lorentz-invariant amplitudes depending on the familiar Mandelstam variables defining the s-, t-and u-channels. They satisfy the Ward identities
which ensure gauge invariance of the amplitude (4).
IB and SD amplitudes
According to the remarks made in the introduction, the amplitude (4) can be separated as
where the two components are separately gauge invariant. While the photon bremsstrahlung off the positron is IB by default, the separation (10) requires an analogous separation of the hadronic tensor (5) into IB and SD ones. Clearly, there is some arbitrariness about what to include in the IB part, the only two conditions being that i) the SD amplitude contains terms of order q or higher and should depend smoothly on kinematical variables; and ii) that the result for the q −1 and q 0 terms are exactly those of the "standard" IB amplitude 2 derived from direct application of Low's theorem. Clearly, this does not prevent the IB part to include also more terms (of order q) 17 , and therefore the criterion for choosing a more generalized kind of IB vs SD separation rests on the better precision of the predictions it potentially leads to.
As observed previously, the splitting of the K 0 e3γ amplitude into an IB and a SD part corresponds to a separation of the hadronic tensors V µν , A µν . Let us consider first the axial correlator. This tensor does not receive any contribution from emission off the pion line. Therefore, A µν must be considered to be a pure SD contribution. It can be written in terms of invariant amplitudes as
This tensor is manifestly of O(q) and higher, since the invariant amplitudes A i are non-singular at zero photon energy.
Therefore, the crucial point is the separation of the vector correlator, that accordingly can be written as
and the terms one decides to include in V IB µν . Again, we refer to our forthcoming work 11 for a detailed discussion of this point, and for a derivation of the final decomposition.
Outlook
The recent experimental results, and the ongoing precision measurements, clearly motivate a renewed attention to the K 0 L → π ∓ e ± νγ decay, in particular a revisiting of the O(p 4 ) calculation in ChPT of this process. In the preceding sections we have briefly sketched the various points of interest, the major one being the structure dependent amplitude. In addition, an updated value for the relative branching ratio R, to be compared with the result in Ref. 8 , should be provided. In this regard, attention must be given to the different potential sources of corrections that may affect the theoretical results, in order that the experimental findings on R and on the photon spectrum could be correctly interpreted.
As anticipated in the previous section, an important point is represented by the decomposition of the hadronic tensor into IB and SD parts, and connected tensorial structures, most convenient for the application of ChPT. In particular, it should be convenient to generalize the result of Low's theorem by including in the IB as much information as we already have on the non-radiative process, in order to improve the sensitivity to the genuine structure dependent radiation.
In this regard, the stability of the strongly IB dominated ratio R against reasonable variations of K l3 form factor parameters and of the experimental cuts should be assessed. The better the IB is known, the better the chances to evidence manifestations of the SD amplitude via deviations of the photon spectrum from the pure IB. Actually, the order α e.m. effects in R may in principle represent an important source of corrections, and a size-estimate should be attempted.
Also, since the O(p 4 ) is the leading order chiral prediction for the SD amplitudes, an (even qualitative) assessment of the next-to-leading corrections to that prediction would be welcome in order to control effects from the truncation of the chiral expansion.
Finally, as far as the extraction of the SD amplitude is concerned, an attempt to interpret the KTeV results in terms of the new separation into IB and SD should be performed, and perhaps also other differential distributions over the phase space, in addition to the photon energy distribution, should be discussed, which might be able to distinguish the SD terms.
For details, we again refer to our forthcoming publication 11 .
